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Description 



Use of methyl pyruvate for the purpose 
of increasing muscle energy production. 

Background of Invention 

[0001] Current U.S. Class: 

514/23;514/565;514/275;514/385;514/386;514/396;51 

4/557;514/501; 514/553; 514/563; 514/564; 514/575; 

514/631; 514/636; 514/646; 514/546; 514/547 
[0002] international Class:037/12; A61K 037/26; A61K 

031/198,70,19,22 
[0003] neld of Search:514/23, 3, 565, 275, 385, 386, 396, 546, 

547, 553, 554, 501, 563, 564, 575, 631, 636, 646, 557 
[0004] References Cited [Referenced By]: U.S. Patent Documents: 

4883786 Nov., 1989 Puricelli. 5270472 Dec, 

1993Taglialatela. 6080786 Jun., 2000 Santaniello. Foreign 

Patent Documents: 0 354 848 Feb., 1990 EP. 98 

478570ct., 1998WO. 
[0005] pi e id 0 f the inventiomThe present invention relates to the 

field of muscle stimulation and more particularly to en- 



hancing the production of energy by utilizing methyl 
pyruvic acid (a methyl ester of pyruvic acid) and/or methyl 
pyruvate (methyl pyruvate is the ionized form of methyl 
pyruvic acid), which modulate the system for the purpose 
of increasing muscle energy production. This will allow for 
contractions and expansions in the muscles of mammals. 
[0006] | n the following text, the terms "methyl pyruvate, methyl 
pyruvate compounds, methyl pyruvic acid" are used inter- 
changeably. 

[0007] c e || s require energy to survive and perform their physio- 
logical functions, and it is generally recognized that the 
only source of energy for cells is the glucose and oxygen 
delivered by the blood. There are two major components 
to the process by which cells utilize glucose and oxygen 
to produce energy. The first component entails anaerobic 
conversion of glucose to pyruvate, which releases a small 
amount of energy, and the second entails oxidative con- 
version of pyruvate to carbon dioxide and water with the 
release of a large amount of energy. Pyruvate is continu- 
ously manufactured in the living organism from glucose. 
The process by which glucose is converted to pyruvate in- 
volves a series of enzymatic reactions that occur anaero- 
bically (in the absence of oxygen). This process is called 



"glycolysis". A small amount of energy is generated in the 
glycolytic conversion of glucose to pyruvate, but a much 
larger amount of energy is generated in a subsequent 
more complicated series of reactions in which pyruvate is 
broken down to carbon dioxide and water. This process, 
which does require oxygen and is referred to as "oxidative 
respiration", involves the stepwise metabolic breakdown 
of pyruvate by various enzymes of the Krebs tricarboxylic 
acid cycle and conversion of the products into high-en- 
ergy molecules by electron transport chain reactions. 
[0008] ATP, the energy source for the muscle contraction and ex- 
pansion process is ultimately formed when adenosine 
diphosphate (ADP), adds another phosphate group to 
form ATP. ATP cannot be stored in tissues in excess of a 
very limited threshold. Therefore, for persons involved in 
strenuous physical activities, such as athletes, a constant 
source of ATP is vital in order to maintain muscle energy 
levels. 
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[0108] 

Summary of Invention 

[0109] The present invention relates to the field of muscle stimu- 
lation and more particularly to enhancing the production 
of the energy by utilizing methyl pyruvate compounds, 



which modulate the system. This modulation will allow 
contractions and expansions in the muscles of mammals. 
A preferred mode of use involves co-administration of a 
methyl pyruvate salt along with one or more agents that 
promote energy. Typical dosages of methyl pyruvate com- 
pounds will depend on factors such as size, age, health 
and fitness level along with the duration and type of 
physical activity. 
[0110] The present invention further pertains to methods of use 
of methyl pyruvate compounds in combination with vita- 
mins, coenzymes, mineral substances, amino acids, herbs, 
antioxidants and creatine compounds, which act on the 
muscle for enhancing energy production and thus perfor- 
mance. 

[0111] Creatine exerts various effects upon entering the muscle. 
It is these effects that elicit improvements in exercise per- 
formance and may be responsible for the improvementsof 
muscle function and energy metabolism seen under cer- 
tain disease conditions. Several mechanisms have been 
proposed to explain the increased exercise performance 
seen after acute and chronic Cr intake. Adenosine tri- 
phosphate (ATP) concentrations maintainphysiological 
processes and protect tissue from hypoxia-induced dam- 



age. Cr is involved in ATP production through its involve- 
ment in PCr energy system. This system can serve as a 
temporal and spatial energy buffer as well as a pH buffer. 
As a spatial energy buffer, Cr and PCr are involved in the 
shuttling of ATP from the inner mitochondria into the cy- 
tosol. In the reversible reaction catalyzed by creatine ki- 
nase, Cr and ATP form PCr andadenosine diphosphate 
(ADP). It is this reaction that can serve as both a temporal 
energy buffer and pH buffer. The formation of the polar 
PCr "locks" Cr in the muscle and maintains the retention 
of Cr because the charge prevents partitioning through 
biological membranes. At times during low pH (during ex- 
ercise when lactic acid accumulates), the reaction will fa- 
vor the generation of ATP. Conversely, during recovery 
periods (e.g., periods of rest between exercise sets) where 
ATP is being generated aerobically, the reaction will pro- 
ceed and increase PCr levels. This energy and pH buffer is 
one mechanism by which Cr works to increase exercise 
performance. 

12 ] The Creatine compounds which can be used in the present 
method include (1) creatine, creatine phosphate and 
analogs of these compounds which can act as substrates 
or substrate analogs for creatine kinase; (2) bisubstrate 



inhibitors of creatine kinase comprising covalently linked 
structural analogs of adenosine triphosphate (ATP) and 
creatine; (3) creatine analogs which can act as reversible 
or irreversible inhibitors of creatine kinase; and (4) N- 
phosphorocreatine analogs bearing non-transferable moi- 
eties which mimic the N-phosphoryl group. 
Detailed Description 

[0113] This invention entails a use of methyl pyruvate for en- 
hancing muscle energy production. Methyl pruvate is the 
ionized form of methyl pyruvic acid (CH3C(0)C02CH3). At 
physiologic pH, the hydrogen proton dissociates from the 
carboxylic acid group, thereby generating the methyl 
pyruvate anion. When used as a pharmaceutical or dietary 
supplement, this anion can be formulated as a salt, using 
a monovalent or divalent cation such as sodium, potas- 
sium, magnesium, or calcium. 

[01 1 4] pancreatic beta-cell as a model: The energy requirements of 
most cells supplied with glucose are fulfilled by glycolytic 
and oxidative metabolism, yielding ATP. When cytosolic 
and mitochondrial contents in ATP, ADP and AMP were 
measured in islets incubated for 45 min at increasing 
concentrations of D-glucose and then exposed for 20 s to 
digitonin. The latter treatment failed to affect the total 



islet ATP/ADP ratio and adenylate charge. D-Glucose 
caused a much greater increase in cytosolic than mito- 
chondrial ATP/ADP ratio. In the cytosol, a sigmoidal pat- 
tern characterized the changes in ATP/ADP ratio at in- 
creasing concentrations of D-glucose. These findings are 
compatible with the view that cytosolic ATP participates in 
the coupling of metabolic to ionic events in the process of 
nutrient-induced insulin release. 
15 ] To gain insight into the regulation of pancreatic beta-cell 
mitochondrial metabolism, the direct effects on respira- 
tion of different mitochondrial substrates, variations in 
the ATP/ADP ratio and free Ca2+ were examined using 
isolated mitochondria and permeabilized clonal pancreatic 
beta-cells (HIT). Respiration from pyruvate was highand 
not influenced by Ca2+ in State 3 or under various redox 
states and fixed values of the ATP/ADP ratio; neverthe- 
less, high Ca2+ elevated pyridine nucleotide fluorescence, 
indicating activation of pyruvate dehydrogenase by Ca2 + . 
Furthermore, in the presence of pyruvate, elevated Ca2 + 
stimulated C02 production from pyruvate, increased cit- 
rate production and efflux from the mitochondria and in- 
hibited C02 production from palmitate. The latter obser- 
vation suggests that beta-cell fatty acid oxidation is not 



regulated exclusively by malonyl-CoA but also by the mi- 
tochondrial redox state. 

[0116] alpha-Glycerophosphate (alpha-GP) oxidation is 

Ca(2+)-dependent with a half-maximal rate observed at 
around 300 nM Ca2 + . It was recently demonstrated that 
increases in respiration precede increases in Ca2+ in glu- 
cose-stimulated clonal pancreatic beta-cells (HIT), indi- 
cating that Ca2+ is not responsible for the initial stimula- 
tion of respiration . It is suggested that respiration is 
stimulated by increased substrate (alpha-GP and pyruvate) 
supply together with oscillatory increases in ADP. 

[0117] The rise in Ca2 + , which in itself may not significantly in- 
crease net respiration, could have the important functions 
of (l)activating the alpha-GP shuttle, to maintain an oxi- 
dized cytosol and high glycolytic flux;(2)activating pyru- 
vate dehydrogenase, and indirectly pyruvate carboxylase, 
to sustain production of citrate and hence the putative 
signal coupling factors, malonyl-CoA and acyl-CoA; 
(3)increasing mitochondrial redox state to implement the 
switch from fatty acid to pyruvate oxidation. 

[° 118 ] Glucose-stimulated increases in mitochondrial 

metabolism are generally thought to be important for the 
activation of insulin secretion. Pyruvate dehydrogenase 



(PDH) is a key regulatory enzyme, believed to govern the 
rate of pyruvate entry into the citrate cycle. It has been 
shown that elevated glucose concentrations (16 or 30 vs 3 
mM) cause an increase in PDH activity in both isolated rat 
islets, and in a clonal beta-cell line (MIN6). However, in- 
creases in PDH activity elicited with either dichloroacetate, 
or by adenoviral expression of the catalytic subunit of 
pyruvate dehydrogenase phosphatase, were without effect 
on glucose-induced increases in mitochondrial pyridine 
nucleotide levels, or cytosolic ATP concentration, in MIN6 
cells, and insulin secretion from isolated rat islets. Simi- 
larly, the above parameters were unaffected by blockade 
of the glucose-induced increase in PDH activity by aden- 
ovirus-mediated over-expression of PDH kinase (PDK). 
Thus, activation of the PDH complex plays an unexpect- 
edly minor role in stimulating glucose metabolism and in 
triggering insulin release. 
1Q ] In pancreatic beta-cells, a rise in cytosolic ATP is also a 
critical signaling event, coupling closure of ATP-sensitive 
K+ channels (KATP) to insulin secretion via depolariza- 
tion-driven increases in intracellular Ca2 + . Glycolytic but 
not Krebs cycle metabolism of glucose is critically in- 
volved in this signaling process. While inhibitors of glycol- 



ysis suppressed glucose-stimulated insulin secretion, 
blockers of pyruvate transport or Krebs cycle enzymes 
were without effect. While pyruvate was metabolized in 
islets to the same extent as glucose, it produced no stim- 
ulation of insulin secretion and did not block KATP. 

[0120] | n pancreatic beta-cells, methyl pyruvate is a potent sec- 
retagogue and is used to study stimulus-secretion cou- 
pling. MP stimulated insulin secretion in the absence of 
glucose, with maximal effect at 5 mM. MP depolarized the 
beta-cell in a concentration-dependent manner (5-20 
mM). Pyruvate failed to initiate insulin release (5-20 mM) 
or to depolarize the membrane potential. ATP production 
in isolated beta-cell mitochondria was detected as accu- 
mulation of ATP in the medium during incubation in the 
presence of malate or glutamate in combination with 
pyruvate or MP. ATP production by MP and glutamate was 
higher than that induced by pyruvate/glutamate. Pyruvate 
(5 mM) or MP (5 mM) had no effect on the ATP/ADP ratio 
in whole islets, whereas glucose (20 mM) significantly in- 
creased the whole islet ATP/ADP ratio. 

[° 121 ] In contrast with pyruvate, which barely stimulates insulin 
secretion, methyl pyruvate was suggested to act as an ef- 
fective mitochondrial substrate. Methyl pyruvate elicited 



electrical activity in the presence of 0.5 mM glucose, in 
contrast with pyruvate. Accordingly, methyl pyruvate in- 
creased the cytosolic free Ca(2+) concentration after an 
initial decrease, similar to glucose. However, in contrast 
with glucose, methyl pyruvate even slightly decreased 
NAD(P)H autofluorescence and did not influence ATP pro- 
duction or the ATP/ADP ratio. Therefore, MP-induced 
beta-cell membrane depolarization or insulin release does 
not relate directly to mitochondrial ATP production. 
[0122] The finding that methyl pyruvate directly inhibited a 
cation current across the inner membrane of Jurkat T- 
lymphocyte mitochondria suggests that this metabolite 
may increase ATP production in beta-cells by activating 
the respiratory chains without providing reduction equiva- 
lents. This mechanism may account for a slight and tran- 
sient increase in ATP production. Furthermore methyl 
pyruvate inhibited the K(ATP) current measured in the 
standard whole-cell configuration. Accordingly, single- 
channel currents in inside-out patches were blocked by 
methyl pyruvate. Therefore, the inhibition of K(ATP) chan- 
nels, and not activation of metabolism, mediates the in- 
duction of electrical activity in pancreatic beta-cells by 
methyl pyruvate. 



[0123] As a membrane-permeant analog, methyl pyruvate, pro- 
duced a block of KATP, a sustained rise in [Ca2+], and an 
increase in insulin secretion 6-fold the magnitude of that 
induced by glucose. This indicates that ATP derived from 
mitochondrial pyruvate metabolism does not substantially 
contribute to the regulation of KATP responses to a glu- 
cose challenge. Supporting the notion of sub- 
compartmentation of ATP within the beta-cell. Supra- 
normal stimulation of the Krebs cycle by methyl pyruvate 
can, however, overwhelm intracellular partitioning of ATP 
and thereby drive insulin secretion. 

[0124] The metabolism of methyl pyruvate was compared to that 
of pyruvate in isolated rat pancreatic islets. Methyl pyru- 
vate was found to be more efficient than pyruvate in sup- 
porting the intra-mitochondrial conversion of pyruvate 
metabolites to amino acids, inhibiting D-[5-3H]glucose 
utilization, maintaining a high ratio between D-[3,4-14C] 
glucose or D-[6-14C]glucose oxidation and D- 
[5-3H]glucose utilization, inhibiting the intra- 
mitochondrial conversion of glucose-derived 2-keto acids 
to their corresponding amino acids, and augmenting 
14C02 output from islets prelabeled with L-[U-14C] glu- 
tamine. Methyl pyruvate also apparently caused a more 



marked mitochondrial alkalinization than pyruvate, as 
judged from comparisons of pH measurements based on 
the use of either a fluorescein probe or 14C-labeled 
5,5-dimethyl-oxazolidine-2,4-dione. 

[0125] inversely, pyruvate was more efficient than methyl pyru- 
vate in increasing lactate output and generating L-alanine. 
These converging findings indicate that, by comparison 
with exogenous pyruvate, its methyl ester is preferentially 
metabolized in the mitochondrial, rather than cytosolic, 
domain of islet cells. It is proposed that both the positive 
and the negative components of methyl pyruvate in- 
sulinotropic action are linked to changes in the net gener- 
ation of reducing equivalents, ATP and H + . 

[0126] Methyl pyruvate was found to exert a dual effect on in- 
sulin release from isolated rat pancreatic islets. A positive 
insulinotropic action prevailed at low concentrations of D- 
glucose, in the 2.8 to 8.3 mM range, and at concentra- 
tions of the ester not exceeding 10.0 mM. It displayed 
features typical of a process of nutrient-stimulated insulin 
release, such as decreased K+ conductance, enhanced 
Ca2+ influx, and stimulation of proinsulin biosynthesis. A 
negative insulinotropic action of methyl pyruvate was also 
observed, however, at a high concentration of D-glucose 



(16.7 mM) and/or at a high concentration of the methyl 
ester (20.0 mM). It was apparently not attributable to any 
adverse effect of methyl pyruvate on ATP generation, but 
might be due to hyperpolarization of the plasma mem- 
brane. The ionic determinant(s) of the latter change was 
not identified. The dual effect of methyl pyruvate probably 
accounts for an unusual time course of the secretory re- 
sponse, including a dramatic and paradoxical stimulation 
of insulin release upon removal of the ester. 
[0127] Pancreatic beta-cell metabolism was followed during glu- 
cose and pyruvate stimulation of pancreatic islets using 
quantitative two-photon NAD(P)H imaging. The observed 
redox changes, spatially separated between the cytoplasm 
and mitochondria, were compared with whole islet insulin 
secretion. As expected, both NAD(P)H and insulin secre- 
tion showed sustained increases in response to glucose 
stimulation. In contrast, pyruvate caused a much lower 
NAD(P)H response and did not generate insulin secretion. 
Low pyruvate concentrations decreased cytoplasmic 
NAD(P)H without affecting mitochondrial NAD(P)H, 
whereas higher concentrations increased cytoplasmic and 
mitochondrial levels. However, the pyruvate-stimulated 
mitochondrial increase was transient and equilibrated to 



near-base-line levels. Inhibitors of the mitochondrial 
pyruvate-transporter and malate-aspartate shuttle were 
utilized to resolve the glucose- and pyruvate-stimulated 
NAD(P)H response mechanisms. These data showed that 
glucose-stimulated mitochondrial NAD(P)H and insulin 
secretion are independent of pyruvate transport but de- 
pendent on NAD(P)H shuttling. In contrast, the pyruvate- 
stimulated cytoplasmic NAD(P)H response was enhanced 
by both inhibitors. Surprisingly the malate-aspartate 
shuttle inhibitor enabled pyruvate-stimulated insulin se- 
cretion. These data support a model in which glycolysis 
plays a dominant role in glucose-stimulated insulin secre- 
tion. Based on these data, it was proposed as a mecha- 
nism for glucose-stimulated insulin secretion that in- 
cludes allosteric inhibition of tricarboxylic acid cycle en- 
zymes and pH dependence of mitochondrial pyruvate 
transport. 

[0128] Pyridine dinucleotides (NAD and NADP) are ubiquitous co- 
factors involved in hundreds of redox reactions essential 
for the energy transduction and metabolism in all living 
cells. NAD is an indispensable redox cofactor in all organ- 
isms. Most of the genes required for NAD biosynthesis in 
various species are known. In addition, NAD also serves as 



a substrate for ADP-ribosylation of a number of nuclear 
proteins, for silent information regulator 2 (Sir2)— like his- 
tone deacetylase that is involved in gene silencing regula- 
tion, and for cyclic ADP ribose (cADPR)-dependent Ca(2+) 
signaling. Pyridine nucleotide adenylyltransferase (PNAT) 
is an indispensable central enzyme in the NAD biosynthe- 
sis pathways catalyzing the condensation of pyridine 
mononucleotide (NMN or NaMN) with the AMP moiety of 
ATP to form NAD (or NaAD). 

[° 129 ] 1. In isolated pancreatic islets, pyruvate causes a shift to 
the left of the sigmoidal curve relating the rate of insulin 
release to the ambient glucose concentration. The magni- 
tude of this effect is related to the concentration of pyru- 
vate (5--90 mM) and, at a 30 mM concentration, is equiv- 
alent to that evoked by 2 mM-glucose. 

[0130] 2. In the presence of glucose 8 mM), the secretory re- 
sponse to pyruvate is an immediate process, displaying a 
biphasic pattern. 

[° 131 ] 3. The insulinotropic action of pyruvate coincides with an 
inhibition of 45Ca efflux and a stimulation of 45Ca net 
uptake. The relationship between 45Ca uptake and insulin 
release displays its usual pattern in the presence of pyru- 
vate. 



[0132] 4. Exogenous pyruvate rapidly accumulates in the islets in 
amounts close to those derived from the metabolism of 
glucose. The oxidation of [2 -14C] pyruvate represents 64% 
of the rate of [1-14C] pyruvate decarboxylation and, at a 
30 mM concentration, is comparable with that of 8 mM- 
[U-14C]glucose. 

[0133] 5. when corrected for the conversion of pyruvate into lac- 
tate, the oxidation of 30 mM-pyruvate corresponds to a 
net generation of about 3 14 pmol of reducing equiva- 
lents/120 min per islet. 

[0134] 5_ pyruvate does not affect the rate of glycolysis, but in- 
hibits the oxidation of glucose. Glucose does not affect 
pyruvate oxidation. 

[0135] 7. Pyruvate (30 mM) does not affect the concentration of 
ATP, ADP and AMP in the islet cells. 

[0136] 3, pyruvate (30 mM) increases the concentration of re- 
duced nicotinamide nucleotides in the presence but not in 
the absence of glucose. A close correlation is seen be- 
tween the concentration of reduced nicotinamide nu- 
cleotides and the net uptake of 45Ca. 

[0137] g. pyruvate, like glucose, modestly stimulates lipogenesis. 

[0138] io. Pyruvate, in contrast with glucose, markedly inhibits 
the oxidation of endogenous nutrients. The latter effect 



accounts for the apparent discrepancy between the rate of 
pyruvate oxidation and the magnitude of its insulinotropic 
action. 

[0139] 11. it is concluded that the effect of pyruvate to stimulate 
insulin release depends on its ability to increase the con- 
centration of reduced nicotinamide nucleotides in the islet 
cells. 

[0140] Glucose-stimulated insulin secretion is a multi-step pro- 
cess dependent on cell metabolic flux. Previous studies on 
intact pancreatic islets used two-photon NAD(P)H imaging 
as a quantitative measure of the combined redox signal 
from NADH and NADPH (referred to as NAD(P)H). These 
studies showed that pyruvate, a non-secretagogue, enters 
-cells and causes a transient rise in NAD(P)H. To further 
characterize the metabolic fate of pyruvate, a one-photon 
flavoprotein microscopy has been developed as a simulta- 
neous assay of lipoamide dehydrogenase (LipDH) autoflu- 
orescence. This flavoprotein is in direct equilibrium with 
mitochondrial NADH. Using this method, the glucose- 
dose response is consistent with an increase in both 
NADH and NADPH. In contrast, the transient rise in 
NAD(P)H observed with pyruvate stimulation is not ac- 
companied by a significant change in LipDH, which indi- 



cates that pyruvate raises cellular NADPH without raising 
NADH. In comparison, methyl pyruvate stimulated a ro- 
bust NADH and NADPH response. These data provide new 
evidence that exogenous pyruvate does not induce a sig- 
nificant rise in mitochondrial NADH. This inability likely 
results in its failure to produce the ATP necessary for 
stimulated secretion of insulin. Overall, these data are 
consistent with either restricted PDH dependent 
metabolism or a buffering of the NADH response by other 
metabolic mechanisms. 
[° 141 ] Glucose metabolism in glycolysis and in mitochondria is 
pivotal to glucose-induced insulin secretion from pancre- 
atic beta cells. One or more factors derived from glycoly- 
sis other than pyruvate appear to be required for the gen- 
eration of mitochondrial signals that lead to insulin secre- 
tion. The electrons of the glycolysis-derived reduced form 
of nicotinamide adenine dinucleotide (NADH) are trans- 
ferred to mitochondria through the NADH shuttle system. 
By abolishing the NADH shuttle function, glucose-induced 
increases in NADH autofluorescence, mitochondrial mem- 
brane potential, and adenosine triphosphate content were 
reduced and glucose-induced insulin secretion was abro- 
gated. The NADH shuttle evidently couples glycolysis with 



activation of mitochondrial energy metabolism to trigger 
insulin secretion. 
[0142] jo determine the role of the NADH shuttle system com- 
posed of the glycerol phosphate shuttle and malate-as- 
partate shuttle in glucose-induced insulin secretion from 
pancreatic beta cells, mice which lack mitochondrial glyc- 
erol-3 phosphate dehydrogenase mGPDH), a rate-limiting 
enzyme of the glycerol phosphate shuttle were used. 
When both shuttles were halted in mGPDH-deficient islets 
treated with aminooxyacetate, an inhibitor of the malate- 
aspartate shuttle, glucose-induced insulin secretion was 
almost completely abrogated. Under these conditions, al- 
though the flux of glycolysis and supply of glucose-de- 
rived pyruvate into mitochondria were unaffected, glu- 
cose-induced increases in NAD(P)H autofluorescence, mi- 
tochondrial membrane potential, Ca2+ entry into mito- 
chondria, and ATP content were severely attenuated.This 
study provides the first direct evidence that the NADH 
shuttle system is essential for coupling glycolysis with the 
activation of mitochondrial energy metabolism to trigger 
glucose-induced insulin secretion and thus revises the 
classical model for the metabolic signals of glucose-in- 
duced insulin secretion. 



[° 143 ] Incubation of porcine carotid arteries with 0. 4 mmol 
amino-oxyacetic acid an inhibitor of glutamate-ox- 
aloacetate transaminase and, hence the malate-aspartate 
shuttle, inhibited 02 consumption by 21%, decreased the 
content of phosphocreatine and inhibited activity of the 
tricarboxylic acid cycle. The rate of glycolysis and lactate 
production was increased but glucose oxidation was in- 
hibited. These effects of amino-oxyacetic acid were ac- 
companied by evidence of inhibition of the malate-as- 
partate shuttle and elevation in the cytoplasmic redox po- 
tential and NADH/NAD ratio as indicated by elevation of 
the concentration ratios of the lactate /pyruvate and glyc- 
erol-3-phosphate/dihydroxyacetone phosphate metabo- 
lite redox couples. Addition of the fatty acid octanoate 
normalized the adverse energetic effects of malate-as- 
partate shuttle inhibition. It is concluded that the malate- 
aspartate shuttle is a primary mode of clearance of NADH 
reducing equivalents from the cytoplasm in vascular 
smooth muscle. Glucose oxidation and lactate production 
are influenced by the activity of the shuttle. The results 
support the hypothesis that an increased cytoplasmic 
NADH redox potential impairs mitochondrial energy 
metabolism. 



[0144] Beta-Methyleneaspartate, a specific inhibitor of aspartate 
aminotransferase (EC 2.6.1.1.), was used to investigate 
the role of the malate-aspartate shuttle in rat brain 
synaptosomes. Incubation of rat brain cytosol, "free" mi- 
tochondria, synaptosol, and synaptic mitochondria, with 2 
mM beta-methyleneaspartate resulted in inhibition of as- 
partate aminotransferase by 69%, 67%, 49%, and 76%, re- 
spectively. The reconstituted malate-aspartate shuttle of 
"free" brain mitochondria was inhibited by a similar de- 
gree (53%). 

[0145] As a consequence of the inhibition of the aspartate 

aminotransferase, and hence the malate-aspartate shut- 
tle, the following changes were observed in synapto- 
somes: decreased glucose oxidation via the pyruvate de- 
hydrogenase reaction and the tricarboxylic acid cycle; de- 
creased acetylcholine synthesis; and an increase in the cy- 
tosolic redox state, as measured by the lactate /pyruvate 
ratio. The main reason for these changes can be at- 
tributed to decreased carbon flow through the tricar- 
boxylic acid cycle (i.e., decreased formation of oxaloac- 
etate), rather than as a direct consequence of changes in 
the NAD+/NADH ratio. 

[0146] Aminooxyacetate, an inhibitor of pyridoxal-dependent 



enzymes, is routinely used to inhibit gamma- 
ami nobutyrate metabolism. The bioenergetic effects of 
the inhibitor on guinea-pig cerebral cortical synapto- 
somes are investigated. It prevents the reoxidation of cy- 
tosolic NADH by the mitochondria by inhibiting the 
malate-aspartate shuttle, causing a 26 mV negative shift 
in the cytosolic NAD+/NADH redox potential, an increase 
in the lactate/ pyruvate ratio and an inhibition of the abil- 
ity of the mitochondria to utilize glycolytic pyruvate. The 
3-hydroxybutyrate/acetoacetate ratio decreased signifi- 
cantly, indicating oxidation of the mitochondrial 
NAD+/NADH couple. The results are consistent with a 
predominant role of the malate-aspartate shuttle in the 
reoxidation of cytosolic NADH in isolated nerve terminals. 
Aminooxyacetate limits respiratory capacity and lowers 
mitochondrial membrane potential and synaptosomal 
ATP/ADP ratios to an extent similar to glucose depriva- 
tion. 

[0147] Variations in the cytoplasmic redox potential (Eh) and 

NADH/NAD ratio as determined by the ratio of reduced to 
oxidized intracellular metabolite redox couples may affect 
mitochondrial energetics and alter the excitability and 
contractile reactivity of vascular smooth muscle. To test 



these hypotheses, the cytoplasmic redox state was exper- 
imentally manipulated by incubating porcine carotid artery 
strips in various substrates. The redox potentials of the 
metabolite couples [lactate]/[pyruvate]i and [glycerol 3- 
phosphate] / [dihydroxyacetone phosphate]i varied lin- 
early (r=0.945), indicating equilibrium between the two 
cytoplasmic redox systems and with cytoplasmic NADH/ 
NAD. Incubation in physiological salt solution (PSS) con- 
taining 10 mm pyruvate ([lact]/[pyr]=0.6) increased 02 
consumption approximately 45% and produced anaplero- 
sis of the tricarboxylic acid (TCA cycle), whereas incuba- 
tion with 10 mm lactate-PSS ([lact]/[pyr]i=47) was without 
effect. A hyperpolarizing dose of external KCI (10 mM) 
produced a decrease in resting tone of muscles incubated 
in either glucose-PSS (-0.8+/-0.8 g) or pyruvate-PSS 
(-2.1 + /-0.8 g), but increased contraction in lactate-PSS 
(1.5 + /-0.7 g) (n = 12-18, P<0.05). The rate and magni- 
tude of contraction with 80 mm KCI (depolarizing) was 
decreased in lactate-PSS (P=0.001). Slopes of KCI concen- 
tration-response curves indicated pyruvate > glucose > 
lactate (P<0.0001); EC50 in lactate (29. 1 + /-1.0 mM) was 
less than that in either glucose (32.1 + /-0.9 mm) or pyru- 
vate (32.2 + /-1.0 mM), P<0.03. The results are consistent 



with an effect of the cytoplasmic redox potential to influ- 
ence the excitability of the smooth muscle and to affect 
mitochondrial energetics. 

[0148] The cytoplasmic NADH/NAD redox potential affects en- 
ergy metabolism and contractile reactivity of vascular 
smooth muscle. NADH/NAD redox state in the cytosol is 
predominately determined by glycolysis, which in smooth 
muscle is separated into two functionally independent cy- 
toplasmic compartments, one of which fuels the activity of 
Na(+)-K(+)-ATPase. The effect was examined of varying 
the glycolytic compartments on cystosolic NADH/NAD re- 
dox state. Inhibition of Na(+)-K(+)-ATPase by 10 microM 
ouabain resulted in decreased glycolysis and lactate pro- 
duction. Despite this, intracellular concentrations of the 
glycolytic metabolite redox couples of lactate/ pyruvate 
and glycerol-3-phosphate/dihydroxyacetone phosphate 
(thus NADH/NAD) and the cytoplasmic redox state were 
unchanged. The constant concentration of the metabolite 
redox couples and redox potential was attributed to: 

[0149] i)decreased efflux of lactate and pyruvate due to de- 
creased activity of monocarboxylate B-H(+) transporter 
secondary to decreased availability of H(+) for cotransport 
and 



[0150] 2) increased uptake of lactate (and perhaps pyruvate) from 
the extracellular space, probably mediated by the mono- 
carboxylate-H(+) transporter, which was specifically 
linked to reduced activity of Na(+)-K(+)-ATPase. 

[0151] it W as concluded that redox potentials of the two gly- 
colytic compartments of the cytosol maintain equilibrium 
and that the cytoplasmic NADH/NAD redox potential re- 
mains constant in the steady state despite varying gly- 
colytic flux in the cytosolic compartment for 
Na(+)-K(+)-ATPase. 

[0152] Methyl pyruvate has been described with reference to a 
particular embodiment. For one skilled in the art, other 
modifications and enhancements can be made without 
departing from the spirit and scope of the aforementioned 
claims. 

[0153] whilst endeavoring in the foregoing Specification to draw 
attention to those features of the invention believed to be 
of particular importance it should be understood that the 
Applicant claims protection in respect of any patentable 
feature hereinbefore referred to whether or not particular 
emphasis has been placed thereon. 



